Introduction
============

Non-canonical DNA i-motifs have recently emerged as molecular switches that control cellular transcription of several proto-oncogenes[@cit1]--[@cit3] like *c-MYC*,[@cit4],[@cit5] *BCL2*,[@cit6],[@cit7] *PDGFR-β*,[@cit8]*KRAS*,[@cit9]*HRAS*[@cit10]*, VEGF*[@cit11]*, RET*[@cit12] and *Rb*.[@cit13] The tetraplex structure of an i-motif consists of two interspersed C-rich duplexes zipped together by intercalated hemiprotonated C^+^·C base pairing at acidic pH.[@cit14]--[@cit16] The pH responsive structure and reversible conformational switching properties of i-motifs have been potentially used in DNA nanotechnology.[@cit17]--[@cit20] However, i-motifs have been less investigated for designing ligands for therapeutics[@cit21]--[@cit23] as compared to complementary G-quadruplexes (G~4~s) that have been well studied in the past decade.[@cit24]--[@cit26] The reported i-motif ligands such as the cationic porphyrin TmPyP4,[@cit27] phenanthroline derivatives,[@cit28] neomycin--perylene conjugates,[@cit29] crystal violet,[@cit30] Thioflavin T[@cit31],[@cit32] and berberine[@cit33] do not show significant selectivity for i-motif structures over duplex and quadruplex structures. In subsequent years, Hurley and co-workers identified a cholestane derivative as a potent and specific i-motif binder that can provide an approach for regulating *BCL2* transcription in cancer cells.[@cit7] At present, only a couple of i-motif specific ligands *e.g.*, the type II topoisomerase inhibitor mitoxantrone,[@cit34] peptidomimetic ligands,[@cit35] benzothiophene derivatives[@cit8] and acridone derivatives[@cit36] have been tested in the cellular system. In a recent study, Dzatko *et al.* performed state of-the-art in-cell NMR spectroscopy to establish that i-motifs remain stable in the complex cellular environment of live mammalian cells.[@cit37] Moreover, the recent breakthrough discovery of the *in vivo* existence of i-motif structures in the nuclei of human cells by Christ and Dinger\'s group illustrates the therapeutic potential of i-motifs.[@cit38] However, the development of selective ligands for i-motifs is difficult and challenging as i-motifs share a similar four stranded structural topology with quadruplexes. We herein demonstrate target guided *in situ* cycloaddition using i-motif linked gold coated magnetic nanoparticles as templates to generate selective ligands for i-motifs over G~4~s and double stranded DNA (dsDNA). The target-guided synthesis (TGS) using azide--alkyne cycloaddition (*in situ* click chemistry) is a powerful fragment-based drug design strategy in which the target directly templates the ligation of appropriate reactive fragments to generate high affinity target-specific compounds. This method has been elegantly used for the discovery of potent binders for protein targets.[@cit39]--[@cit42] In comparison, only a few nucleic acid targets are used as templates like duplex DNA,[@cit43] DNA and RNA quadruplexes[@cit44],[@cit45] and (CCUG)~*n*~ repeat RNAs[@cit46] to generate selective ligands.

In this study, we have immobilized i-motifs present in *c-MYC* and *BCL2* gene promoters on the surface of gold-coated magnetic nanoparticles (i-motif DNA nanotemplates) to enable efficient isolation and identification of selective triazole ligands from a library of azide and alkyne building blocks. In this approach, the DNA nanotemplates would capture the newly assembled triazole products that could be easily separated from the DNA templates by magnetic decantation. In addition, complementary *c-MYC* and *BCL2* G-quadruplexes as well as double stranded DNA targets have been used as control DNA templates. The binding affinity, selectivity and gene regulatory activities of triazole leads for G-quadruplexes and i-motifs have been evaluated by using different biophysical and cell-based biological assays.

Results and discussion
======================

Preparation and characterization of DNA nanotemplates
-----------------------------------------------------

Thiolated i-motif forming C-rich sequences present in the promoter regions of *c-MYC* and *BCL2* genes were grafted on the surface of gold-coated magnetic nanoparticles (Au\@Fe~3~O~4~) using thiol--gold chemistry to obtain *c-MYC* C~4~·Au\@Fe~3~O~4~ and *BCL2* C~4~·Au\@Fe~3~O~4~ nanotemplates ([Fig. 1](#fig1){ref-type="fig"}).

![DNA functionalized nanotemplates; i-motifs (*c-MYC* and *BCL2*), G-quadruplexes (*c-MYC* and *BCL2*), double and C-rich single stranded DNA (*ds*DNA and *ss*DNA) functionalized gold coated magnetic nanoparticles.](d0sc00514b-f1){#fig1}

The attachment of i-motif DNAs on Au\@Fe~3~O~4~ NPs was confirmed by the peak at 260 nm for DNA along with the characteristic SPR peak of Au at ∼550 nm in the UV-Vis spectrum in 10 mM sodium cacodylate buffer, pH 5.5 ([Fig. 2a and b](#fig2){ref-type="fig"}). TEM imaging revealed that i-motif DNA linked NPs are spherical in size and 13--15 nm in diameter ([Fig. 2c and d](#fig2){ref-type="fig"}). CD spectroscopy illustrated that DNA sequences grafted on nanoparticles retain i-motif conformation by displaying a positive peak at 285 nm and a negative peak at 260 nm ([Fig. 2e and f](#fig2){ref-type="fig"}). The complementary thiolated *c-MYC* and *BCL2* G-rich sequences as well as a self-complementary dsDNA sequence were also immobilized on Au\@Fe~3~O~4~ NPs to prepare G~4~ and *ds*DNA nanotemplates.

![Characterization of i-motif DNA linked magnetic nanoparticles (C~4~·Au\@Fe~3~O~4~ NPs). (a and b) UV-Vis absorption spectra of *c-MYC* C~4~·Au\@Fe~3~O~4~ and *BCL2* C~4~·Au\@Fe~3~O~4~ NPs at 25 °C; (c and d) TEM images of *c-MYC* and *BCL2* i-motif functionalized Au\@Fe~3~O~4~ NPs (scale bar 50 nm); (e and f) CD spectra of *c-MYC* C~4~·Au\@Fe~3~O~4~ and *BCL2* C~4~·Au\@Fe~3~O~4~ NPs; buffer: 10 mM sodium cacodylate, pH 5.5.](d0sc00514b-f2){#fig2}

Design and synthesis of clickable building blocks
-------------------------------------------------

To perform metal free azide--alkyne cycloaddition using DNA nanotemplates, we developed a library of four water-soluble alkynes (**1a--d**) and seventeen azides (**2a--q**) containing different functional groups ([Fig. 3](#fig3){ref-type="fig"}). Two carbazole derived alkynes, containing an aryl carboxamide motif (**1a**)[@cit45] and a pyrrolidine motif (**1b**), an indole alkyne (**1c**) containing a pyrrolidine motif and a morpholino substituted benzamide alkyne derivative (**1d**) were prepared. The heteroaromatic ring system of alkynes could interact with DNA through π-stacking and their protonable amine side chains could participate in electrostatic interactions with the DNA sugar-phosphate backbone. The azide library consists of aliphatic and aromatic azides that include a range of functional groups such as amines (**2a**, **2b**, **2e**, **2h**, and **2n**), alcohols (**2c** and **2g**), carboxylic acids (**2d** and **2j**), an aldehyde (**2i**), an ester (**2k**), a nitro (**2l**), a simple phenyl azide (**2f**), *meta*- and *para*-substituted carboxamides (**2o** and **2p**), an amino acid (**2m**) and a nucleoside (**2q**). These functional groups could promote hydrogen bonding, electrostatic or base stacking interactions with DNA targets. As shown in [Fig. 3](#fig3){ref-type="fig"}, the combinations of these azide and alkyne building blocks could provide 136 possible regioisomers that include both *anti*(1,4)- and *syn*(1,5)-triazoles. In the presence of a target, the *in situ* cycloaddition generally provides triazole products that effectively bind to the target *via* non-covalent interactions.

![Alkyne (**1a--d**) and azide (**2a--q**) fragments and regioisomeric 1,4-*anti* (**3aa--3dq**) and 1,5-*syn* (**3aa--3dq**) triazoles derived from combinations of alkyne and azide building blocks.](d0sc00514b-f3){#fig3}

Lead discovery by DNA nanotemplated reactions
---------------------------------------------

Each alkyne fragment (1 μM) was separately mixed with the azide library (4 μM of each azide fragment) in the presence of C~4~·Au\@Fe~3~O~4~ DNA nanotemplates (10 μL) in 10 mM sodium cacodylate buffer, pH 5.5 at rt ([Fig. 4](#fig4){ref-type="fig"}). The reaction vials were continuously mixed for 4 days and the newly ligated triazole products along with i-motif nanotemplates were separated from the unreacted fragments by washing with buffer followed by magnetic decantation. The triazole products were then separated from the nanotemplates by adding 1 M LiCl and heating the mixture at 65 °C in sodium cacodylate buffer (pH 5.5), followed by instant magnetic separation of the DNA nanotemplates. The combination of LiCl and heat destabilizes i-motifs[@cit47] and releases the bound triazole products from the DNA. The collected supernatants containing the products were characterized by HPLC-MS analysis. Control experiments were carried out using the same chemical library in the presence of *c-MYC* and *BCL2* G~4~ and *ds*DNA nanotemplates in 100 mM Tris--KCl buffer (pH 7.4).

![Schematic representation of the target guided synthetic approach using i-motif magnetic nanotemplates (*c-MYC* C~4~·Au\@Fe~3~O~4~ & *BCL2* C~4~·Au\@Fe~3~O~4~) for *in situ* formation of potent binders.](d0sc00514b-f4){#fig4}

The HPLC and MS analysis revealed that in the presence of *c-MYC* C~4~·Au\@Fe~3~O~4~, alkyne **1a** afforded three triazole hits, **3ab** (cycloadduct of **1a** and **2b**), **3ae** (cycloadduct of **1a** and **2e**), and **3an** (cycloadduct of **1a** and **2n**) in a ratio of 49 : 20 : 31 ([Fig. 5a, c](#fig5){ref-type="fig"} and S5a, ESI[‡](#fn2){ref-type="fn"}); alkyne **1b** provided **3be**, **3bn** and **3bo** (15 : 56 : 29) ([Fig. 5a, d](#fig5){ref-type="fig"} and S5b, ESI[‡](#fn2){ref-type="fn"}); no hit products were obtained from alkynes **1c** and **1d** ([Fig. 5a](#fig5){ref-type="fig"}). In the presence of *BCL2* C~4~·Au\@Fe~3~O~4~, only alkyne **1b** afforded triazole products **3bm** and **3bn** in a ratio of 18 : 82 whereas no hit compounds were detected from alkynes **1a**, **1c** and **1d** ([Fig. 5b, e](#fig5){ref-type="fig"} and S5c, ESI[‡](#fn2){ref-type="fn"}).

![The hit compounds formed using (a) *c-MYC* and (b) *BCL2* C~4~·Au\@Fe~3~O~4~ templates. The selective lead compounds are highlighted. HPLC chromatograms of the products obtained (c and d) with *c-MYC* C~4~·Au\@Fe~3~O~4~ and (e) with *BCL2* C~4~·Au\@Fe~3~O~4~.](d0sc00514b-f5){#fig5}

In the control experiment with *c-MYC* G~4~·Au\@Fe~3~O~4~, three hits (**3ab**, **3ae**, and **3ao** in a 13 : 9 : 78 ratio) were obtained from alkyne **1a** and no product was obtained from alkynes **1b--d** ([Fig. 6a](#fig6){ref-type="fig"} and S5c, ESI[‡](#fn2){ref-type="fn"}). The cycloaddition of azide--alkyne fragments in the presence of *BCL2* G~4~·Au\@Fe~3~O~4~ produced a single hit **3ap**, derived from **1a** and **2p** ([Fig. 6b](#fig6){ref-type="fig"} and S5d[‡](#fn2){ref-type="fn"}). The *ds*DNA nanotemplate provided 3 hits (**3ab**, **3ae** and **3an** in a ratio of 13 : 29 : 58) from alkyne **1a** and 2 hits (**3bn** and **3bo** in a 45 : 55 ratio) from alkyne **1b** (Fig. S5f, g and S6[‡](#fn2){ref-type="fn"}). In addition, control experiments carried out with single-stranded *c-MYC* and *BCL2* C-rich DNA sequences (*ss*DNA·Au\@Fe~3~O~4~) immobilized on the nanoparticle surface (pH 7.4) showed no peaks in the HPLC chromatogram, indicating that C-rich ssDNA could not select the azide--alkyne fragments and promote the cycloaddition to generate any triazole product.

![The hit compounds formed using (a) *c-MYC* and (b) *BCL2* G~4~·Au\@Fe~3~O~4~ templates. The selective lead compounds are highlighted.](d0sc00514b-f6){#fig6}

As azide fragments **2o** and **2p** are positional isomers having identical molecular mass, the formation of **3bo**, **3ao** and **3ap** was confirmed by performing separate templated cycloaddition of the corresponding alkynes with the azides **2o** or **2p** in the presence of the respective DNA nanotemplates. The *c-MYC* C~4~·Au\@Fe~3~O~4~ and *ds*DNA·Au\@Fe~3~O~4~ produced **3bo** derived from **1b** and **2o** but no product was formed from **1b** and **2p**. By performing a similar set of cycloadditions, we observed that the *c-MYC* and *BCL2* G~4~·Au\@Fe~3~O~4~ promoted the formation of **3ao** and **3ap** from azides **2o** and **2p**, respectively.

The comparison of hit products generated by using different DNA nanotemplates reveals that ligands **3be** and **3bm**, obtained using *c-MYC* and *BCL2* i-motifs, respectively, are selective leads for i-motifs, and ligands **3ao** and **3ap** are selective for *c-MYC* and *BCL2* G~4~s, respectively. The other hit compounds are considered non-specific as they were obtained using more than one DNA template.

Determination of the *syn*/*anti* selectivity of triazole leads
---------------------------------------------------------------

In order to determine the regiochemistry of selective triazole leads **3be**, **3bm**, **3ao** and **3ap**, the cycloaddition of their corresponding azide and alkyne fragments was carried out under thermal and Cu([i]{.smallcaps})-catalyzed conditions (Fig. S2--S4[‡](#fn2){ref-type="fn"}). A mixture of both *anti* (1,4)- and *syn* (1,5)-triazole regioisomers was obtained by thermal cycloaddition, and regioisomerically pure 1,4-disubstituted triazole products were formed by the Cu([i]{.smallcaps})-assisted reaction. The comparison of the HPLC retention times of the DNA-templated reaction mixture with those of the triazole products obtained *via* thermal and Cu([i]{.smallcaps})-catalyzed cycloaddition (Fig. S7--S10[‡](#fn2){ref-type="fn"}) revealed that the DNA nanotemplates promote the cycloaddition of proximally oriented azide and alkyne fragments in a regioselective manner by preferentially generating *anti* (1,4)-triazole regioisomers for the DNA targets ([Fig. 7](#fig7){ref-type="fig"}).

![Triazole leads formed *via in situ* cycloaddition promoted by DNA nanotemplates.](d0sc00514b-f7){#fig7}

The yields of lead *anti*-triazoles were determined by performing time dependent cycloaddition of corresponding alkyne (**1a** and **1b**) and azide (**2e**, **2m**, **2o** and **2p**) fragments in the presence of DNA nanotemplates. Alkyne **1b** reacted with azide **2e** in the presence of the *c-MYC* i-motif nanotemplate to form *anti*-**3be** in 48% yield. Similarly, leads *anti*-**3bm** (from **1b** and **2m** by using the *BCL2* i-motif), *anti*-**3ao** (from **1a** and **2o** using the *c-MYC* G-quadruplex) and *anti*-**3ap** (from **1a** and **2p** by using the *BCL2* quadruplex) were obtained in 60%, 44% and 56% relative yields, respectively (Fig. S11--S14, ESI[‡](#fn2){ref-type="fn"}).

Binding affinity and specificity of triazole leads for DNA targets
------------------------------------------------------------------

FRET-based DNA melting studies[@cit48],[@cit49] using dual labelled *c-MYC* and *BCL2* i-motifs and G~4~ DNA and dsDNA sequences revealed that ligand **3be**, formed by using *c-MYC* C~4~·Au\@Fe~3~O~4~, showed a comparatively high preference for *c-MYC* i-motifs, exhibiting a Δ*T*~m~ value of 29.7 °C at 1 μM concentration ([Table 1](#tab1){ref-type="table"}, Fig. S15[‡](#fn2){ref-type="fn"}). The *BCL2* i-motif lead **3bm** shows a comparatively high Δ*T*~m~ value (18.6 °C at 1 μM) for the *BCL2* i-motif over other DNA structures. Ligand **3ao**, generated using the *c-MYC* G~4~·Au\@Fe~3~O~4~ nanotemplate, is found to exhibit high stabilization towards *c-MYC* G~4~ (Δ*T*~m~ = 19.3 °C at 1 μM) and **3ap** exhibits a relatively high Δ*T*~m~ value (11.8 °C at 1 μM) for *BCL2* G~4~ over other investigated DNAs. In addition, these triazole leads exhibit a weak stabilization potential for dsDNA illustrating their selectivity for four stranded structures over duplex DNA.

###### Stabilization potentials (Δ*T*~m~) and apparent dissociation constants \[*K*~d(app)~\] of lead triazole ligands for i-motif (C~4~), G-quadruplexe (G~4~) and dsDNA as determined by the FRET based DNA melting assay and fluorescence spectroscopic titrations[^*f*^](#tab1fnf){ref-type="fn"}

                                                        Δ*T*~m~ (°C) at 1 μM ligand concentration   *K* ~d(app)~ (μM)                                      
  ----------------------------------------------------- ------------------------------------------- ------------------- ------ ------ ------ ------ ------ ------
  [^*a*^](#tab1fna){ref-type="table-fn"} *c-MYC* C~4~   29.7                                        2.9                 6.4    2.1    0.25   ns     1.61   1.83
  [^*b*^](#tab1fnb){ref-type="table-fn"} *BCL2* C~4~    12.7                                        18.6                3.5    0.4    1.18   0.66   1.63   2.01
  [^*c*^](#tab1fnc){ref-type="table-fn"} *c-MYC* G~4~   3.7                                         1.6                 19.3   5.7    1.59   ns     0.17   1.62
  [^*d*^](#tab1fnd){ref-type="table-fn"} *BCL2* G~4~    1.8                                         1                   7.7    11.8   2.21   ns     0.91   0.68
  [^*e*^](#tab1fne){ref-type="table-fn"} *ds*DNA        0.2                                         0.6                 0.9    0.5    ns     ns     ns     ns

^*a*^ *T* ~m~ for *c-MYC* C~4~, 47.2 °C.

^*b*^ *T* ~m~ for *BCL2* C~4~, 44.0 °C.

^*c*^ *T* ~m~ for *c-MYC* G~4~, 68.3 °C.

^*d*^ *T* ~m~ for *BCL2* G~4~, 72.1 °C.

^*e*^ *T* ~m~ for *ds*DNA, 63.4 °C. Buffer used for FRET melting studies; i-motif (C~4~) DNA: 10 mM sodium cacodylate buffer (pH 5.5), G-quadruplex (G~4~) and *ds*DNA: 60 mM potassium cacodylate buffer (pH 7.4).

^*f*^ns: *K*~d(app)~ could not be determined due to non-significant changes in fluorescence intensity upon addition of DNA. Experiments were performed in triplicate and the average values are provided.

The binding selectivity of lead ligands was further validated by fluorescence spectroscopic titrations ([Fig. 8](#fig8){ref-type="fig"} and S16,[‡](#fn2){ref-type="fn"} [Table 1](#tab1){ref-type="table"}).[@cit50]--[@cit54] As shown in [Fig. 8](#fig8){ref-type="fig"}, ligand **3be** exhibited a binding preference for the *c-MYC* i-motif showing ∼5-fold fluorescence quenching[@cit50],[@cit51] upon titration with *c-MYC* i-motif DNA. The fluorescence intensity of **3be** was quenched by only ∼2-fold by the *BCL2* i-motif and quadruplexes (*c-MYC* and *BCL2*). Moreover, this ligand showed negligible changes in the fluorescence intensity upon addition of *ds*DNA (Fig. S16[‡](#fn2){ref-type="fn"}).

![(a--d) Fluorescence spectroscopic titrations of lead ligands (1 μM) with *c-MYC* C~4,~*BCL2* C~4~, *c-MYC* G~4~ and *BCL2* G~4~ DNA. (e--h) Fluorescence response curves of **3be**, **3bm**, **3ao** and **3ap** with incremental addition of *c-MYC* C~4~ (blue), *BCL2* C~4~ (orange), *c-MYC* G~4~ (purple), *BCL2* G~4~ (green) and dsDNA (light blue).](d0sc00514b-f8){#fig8}

Ligand **3bm**, generated solely by using *BCL2* C~4~·Au\@Fe~3~O~4~, showed ∼2.0 fold fluorescence quenching along with a 20 nm blue shift in the presence of the *BCL2* i-motif, while it showed negligible fluorescence changes with other DNA targets (Fig. S16[‡](#fn2){ref-type="fn"}). The observed quenching phenomenon for **3be** and **3bm** with i-motifs may be attributed to the possibility of resonance energy transfer between the DNA-bases and ligand which needs strong interactions between the molecules.[@cit52] The fluorescence intensity of ligand **3ao** was enhanced 4-fold with a blue shift of 33 nm in the presence of *c-MYC* quadruplex DNA (Fig. S16[‡](#fn2){ref-type="fn"}) whereas a 2--2.5 fold enhancement was observed with other quadruplexes and i-motifs. A 5-fold fluorescence enhancement for **3ap** was observed with a 15 nm red shift in the presence of *BCL2* quadruplex DNA, whereas relatively lower fluorescence enhancement (3--3.5 fold) was obtained with other DNAs (Fig. S16[‡](#fn2){ref-type="fn"}). The significant fluorescence enhancement observed for compounds **3ao** and **3ap** indicated their binding with the hydrophobic sites of the G~4~--DNA by stacking interactions.[@cit53],[@cit54]

The apparent dissociation constants \[*K*~d(app)~\] determined from fluorimetric titrations revealed that ligand **3be** binds the *c-MYC* i-motif with an apparent *K*~d~ value of 0.25 μm, which is 5--9 fold higher than the *K*~d~ values determined for other investigated i-motif and G~4~--DNA targets. Triazole **3bm** binds the *BCL2* i-motif with a dissociation constant (*K*~d~) of 0.66 μM while showing no significant fluorescence response with other DNAs. The affinity of **3ao** for *c-MYC* G~4~ (*K*~d~ = 0.17 μM) is about 5--10 fold higher than that for i-motifs and *BCL2* G~4~--DNA. Ligand **3ap** also showed higher binding affinity for *BCL2* G~4~--DNA (*K*~d~ = 0.68 μM) in comparison to other DNA targets ([Table 1](#tab1){ref-type="table"}).

Next, we performed a competitive binding assay[@cit55] using the DNA nanotemplates to further verify the selectivity of the lead compounds. The triazole leads (**3be**, **3bm**, **3ao** and **3ap**) were mixed in an equimolar concentration (each ligand concentration is 5 μM) and incubated with each i-motif and G-quadruplex nanotemplate (C~4~·Au\@Fe~3~O~4~ and G~4~·Au\@Fe~3~O~4~) separately for 30 min at room temperature under continuous stirring. The underlying principle of the assay is to select the structure-selective ligands using the DNA template from the mixture of lead triazole ligands and thus the captured ligand can be considered a specific and selective ligand for the respective DNA target. After incubation, the template-bound ligands were isolated from the template as per the protocol used in TGS and identified by HPLC and MS-analysis. The competitive binding experiments show that the *c-MYC* C~4~·Au\@Fe~3~O~4~ nanotemplate selected only **3be** from the mixture of four triazoles (Fig. S17a[‡](#fn2){ref-type="fn"}). Interestingly, as expected, the experiments carried out with the other three DNA nanotemplates showed a single peak in the HPLC chromatogram that corresponds to ligands **3bm**, **3ao** and **3ap** for *BCL2* C~4~·Au\@Fe~3~O~4~, *c-MYC* G~4~·Au\@Fe~3~O~4~ and *BCL2* G~4~·Au\@Fe~3~O~4~, respectively (Fig. S17b--d[‡](#fn2){ref-type="fn"}). These results further confirm that the triazole leads obtained by TGS are specific to their respective DNA that drives their formation from their corresponding azide and alkyne fragments.

1D ^1^H NMR titration further revealed that incremental addition of ligand **3be** to the *c-MYC* i-motif results in general line broadening of the characteristic imino signals (15--16 ppm) for C--C^+^ base pairs (Fig. S18a, ESI[‡](#fn2){ref-type="fn"}). Furthermore, it induces significant line broadening in the aromatic region of the *c-MYC* i-motif (Fig. S18b[‡](#fn2){ref-type="fn"}), indicating that **3be** interacts with the *c-MYC* i-motif. In the absence of the ligand, NMR signals of the *BCL2* i-motif are broadened due to intermediate chemical exchange showing conformational dynamics of the DNA alone. Thus, no observable changes are found with addition of **3bm**. 1D NMR titrations further revealed that ligand **3ao** strongly interacts with *c-MYC* G~4~ (Fig. S18g--i[‡](#fn2){ref-type="fn"}) showing significant line broadening suggesting binding in intermediate exchange on NMR time scale. In the case of **3ap**, general line broadening of the imino and aromatic signals of *BCL2* G~4~ in a 3 : 1 ligand/DNA molar ratio was observed indicating binding with a *K*~d~ in the high micro molar regime (Fig. S18j--l[‡](#fn2){ref-type="fn"}). CD spectroscopic titrations confirmed that these ligands retain the topology of these four stranded DNA targets (Fig. S19, ESI[‡](#fn2){ref-type="fn"}).

The results reveal that the Δ*T*~m~ values and *K*~d~ values of triazole leads for DNA targets obtained from FRET melting and fluorescence spectroscopic titrations are in good agreement with each other. These results are consistent with the results obtained by TGS, indicating that a triazole lead shows selectivity for the DNA target that promotes its formation. For instance, **3be** obtained using the *c-MYC* i-motif shows a high stabilization potential and high binding affinity for the *c-MYC* i-motif compared to other DNA targets. In summary, ligands **3be** and **3ao** displayed high affinity and specificity for the *c-MYC* i-motif and G-quadruplex DNA, respectively. In contrast, ligand **3bm** and **3ap** exhibited modest binding affinity for the *BCL2* i-motif and *BCL2* G-quadruplex DNA, respectively, but maintained considerable specificity for their respective DNA targets in comparison to other investigated DNA targets.

*In vitro* biological activity of triazole leads
------------------------------------------------

The cytotoxicity of lead compounds was next evaluated in a human cervical cancer cell line (HeLa), a small lung adenocarcinoma cell line (A549), the BCL2 overexpressing EBV infected marmoset cell line B95.8 and the human normal kidney epithelial cell line NKE. It was observed that **3be**, **3ao** and **3ap** inhibit cell proliferation in all the tested cancer cells (HeLa, A549 and B95.8) while they show minimal cytotoxicity towards the NKE cell line. The *BCL2* i-motif lead **3bm** is non-toxic to both normal and cancer cell lines ([Table 2](#tab2){ref-type="table"} and Fig. S20[‡](#fn2){ref-type="fn"}). The cellular localization of these triazole leads was then monitored in HeLa cells by confocal microscopy. It was observed that ligand **3ao** (*c-MYC* G-quadruplex lead) exclusively localizes in the cell nucleus, and ligands **3be**, **3bm** and **3ap** penetrate into the cell cytoplasm and the cell nucleus. This suggests that these triazole leads are able to translocate into the cell nucleus (Fig. S21, ESI[‡](#fn2){ref-type="fn"}). The ability of these ligands to induce apoptosis in cancer cells was further evaluated by annexin V/PI double staining FACS analysis. FACS analysis indicated that ligands **3be**, **3ao** and **3ap** induced significant apoptotic cell death in HeLa cells in a dose-dependent manner (Fig. S22[‡](#fn2){ref-type="fn"}). In comparison, the *BCL2* i-motif lead **3bm** did not induce apoptosis in HeLa cells at 2 and 4 μM concentrations.

###### IC~50~ values of lead compounds in human cancer cells and normal cells as measured using the XTT assay after 24 h of treatment[^*a*^](#tab2fna){ref-type="fn"}

  IC~50~ (μM)                              
  ------------- -------- -------- -------- --------
  **3be**       1.0      4.2      4.5      13.6
  **3bm**       \>50.0   \>20.0   \>50.0   \>25.0
  **3ao**       1.9      3.0      4.9      25.0
  **3ap**       7.9      14.9     8.9      \>25.0

^*a*^Three individual experiments were performed and the average values are presented.

The qRT-PCR and western blotting results showed that the *c-MYC* i-motif and G~4~ leads **3be** and **3ao** significantly reduce *c-MYC* expression at both the transcriptional and translational levels in HeLa and B95.8 cell lines ([Fig. 9a, d](#fig9){ref-type="fig"} and S23[‡](#fn2){ref-type="fn"}). However, these ligands (**3be** and **3ao**) could not considerably suppress *BCL2* gene expression in cancer cells. The *BCL2* G-quadruplex ligand **3ap** inhibits the transcription and translation of the *BCL2* gene while the *BCL2* i-motif lead **3bm** upregulates *BCL2* gene expression in both cancer cell lines ([Fig. 9a, d](#fig9){ref-type="fig"} and S23[‡](#fn2){ref-type="fn"}). In addition, it was observed that ligands **3bm** and **3ap** could not alter the *c-MYC* gene expression.

![(a--d) qRT-PCR and western blotting analysis results of *c-MYC* and *BCL2* gene expression in HeLa and B95.8 cells after 24 h of treatment with **3be**, **3bm**, **3ao** and **3ap**. The *in vitro* dual luciferase promoter assay for evaluating the effect of the lead ligands on the promoter activity of (e) the *c-MYC*-FLuc promoter and (f) *BCL2*-FLuc promoter \[\**p* value is \< 0.05\].](d0sc00514b-f9){#fig9}

Dual luciferase promoter assays further illustrated that ligands **3be** and **3ao** selectively interact with the *c-MYC* G.C rich promoter region as the ligands could repress the firefly luciferase activity of the *c-MYC* promoter luciferase construct while having a negligible effect on the transcriptional activity of the *BCL2* promoter construct and normal B-DNA-containing luciferase construct ([Fig. 9e, f](#fig9){ref-type="fig"} and S24[‡](#fn2){ref-type="fn"}). The *BCL2* i-motif binding ligand **3bm** upregulates the transcriptional activity of the *BCL2* promoter construct and has negligible effects on the expression levels of two other plasmid constructs. The *BCL2* G-quadruplex lead **3ap** could specifically inhibit the transcriptional activity of the *BCL2* luciferase construct. These results establish that leads obtained by *in situ* cycloaddition can modulate *c-MYC* and *BCL2* gene expression by interacting with G.C-rich promoter regions ([Fig. 10](#fig10){ref-type="fig"}).

![Proposed model for targeting four-stranded DNA secondary structures within the *c-MYC* and *BCL2* gene promoter regions.](d0sc00514b-f10){#fig10}

Conclusions
===========

This study illustrates that i-motif DNA nanotemplates, *i.e.*, gold coated magnetic nanoparticles functionalized with *c-MYC* and *BCL2* i-motifs, promote the metal-free synthesis of i-motif specific ligands. In order to generate selective ligands for i-motifs over G-quadruplex and duplex DNAs, complementary *c-MYC* and *BCL2* G-quadruplex DNA functionalized nanotemplates and a self-complementary duplex DNA functionalized nanotemplate are used as control templates. These nanotemplates generated multiple triazole hits, but triazoles selectively formed by using a particular i-motif DNA nanotemplate are considered i-motif leads. The *anti*-triazole "lead" compounds **3be** and **3bm** generated using *c-MYC* and *BCL2* i-motifs, respectively, show high specificity for their targets as evidenced by FRET-melting, fluorescence titrations and competitive binding experiments. The control G-quadruplex nanotemplates also generated **3ao** and **3ap** as the lead compounds for *c-MYC* and *BCL2* DNA quadruplexes, respectively. The lead compounds **3bm** and **3ap** obtained using the *BCL2* i-motif and G-quadruplex, though they show moderate affinity, exhibit high specificity for their respective DNA targets. Furthermore, cell-based biological assays reveal that these leads can modulate the transcription of *c-MYC* and *BCL2* genes. The *c-MYC* i-motif and G-quadruplex leads **3be** and **3ao** significantly reduce the *c-MYC* expression without affecting the *BCL2* expression. The *BCL2* G-quadruplex lead **3ap** downregulates *BCL2* gene expression while the *BCL2* i-motif lead **3bm** upregulates the expression of the *BCL2* gene by directly stabilizing the G-C rich non-canonical DNA structures. Thus, the TGS approach using DNA nanotemplates facilitates cost-effective and rapid synthesis of highly potent and selective drug candidates for biomolecular targets. Based on the binding characteristics of the lead compounds, we are currently diversifying our chemical library to expand this strategy for the development of more promising drug candidates that may display high binding affinity and specificity for the targets of interest. Furthermore, the underlying principles of the observed transcriptional alterations imposed by the lead compounds are currently under investigation.
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